The accumulation of proteins damaged by reactive oxygen species (ROS), conventionally regarded as having pathological potentials, is associated with age-related diseases such as Alzheimer's, atherosclerosis, and cataractogenesis. Exposure of the aromatic amino acid phenylalanine to ROS-generating systems produces multiple isomers of tyrosine: m-tyrosine (m-Tyr), o-tyrosine (o-Tyr), and the standard p-tyrosine (Tyr). Previously it was demonstrated that exogenously supplied, oxidized amino acids could be incorporated into bacterial and eukaryotic proteins. It is, therefore, likely that in many cases, in vivo-damaged amino acids are available for de novo synthesis of proteins. Although the involvement of aminoacyltRNA synthetases in this process has been hypothesized, the specific pathway by which ROS-damaged amino acids are incorporated into proteins remains unclear. We provide herein evidence that mitochondrial and cytoplasmic phenylalanyl-tRNA synthetases (HsmtPheRS and HsctPheRS, respectively) catalyze direct attachment of m-Tyr to tRNA Phe , thereby opening the way for delivery of the misacylated tRNA to the ribosome and incorporation of ROS-damaged amino acid into eukaryotic proteins. Crystal complexes of mitochondrial and bacterial PheRSs with m-Tyr reveal the net of highly specific interactions within the synthetic and editing sites.
T
he aminoacyl-tRNA synthetases (aaRSs) play a central role in the translation of the genetic code, catalyzing the attachment of the correct amino acid to its cognate tRNA in a 2-step reaction (1) . At the first step, the activation of the amino acid by ATP proceeds through the formation of an enzyme-bound aminoacyl adenylate. At the second step, the amino acid moiety is transferred to the 3Ј-terminal ribose of the cognate tRNA, leading to the synthesis of aminoacyl-tRNA (1) . At the amino acid binding and recognition stage some aaRSs are unable to distinguish between amino acids having similar chemical structures. To ensure that the total level of accuracy of the protein synthesis is high enough, aaRSs developed an editing activity associated with the specific site where misacylated tRNA is hydrolyzed. Considerable progress has been made in understanding the structural basis and the mechanisms of the discrimination of noncognate amino acids (2) . The proofreading activity of aaRSs has been shown to ensure the discrimination between natural and some artificial amino acids (3) . However, it is well known that reactive oxygen species (ROS)-generating systems within the cell produce naturally occurring damaged amino acids having considerable pathological potential and associated with age-related diseases such as Alzheimer's, atherosclerosis, and cataractogenesis (4) (5) (6) . Thus, it is important to follow the pathway of such amino acid incorporation into proteins. Notably, in human tissue proteins the concentrations of oxidized amino acids under normal and pathological circumstances differ to a small extent. For example, in the low-density lipoprotein, the physiological and pathological levels of m-Tyr (oxidized version of phenylalanine) are 62 and 105 pmol/mg, respectively (5) . Although the involvement of components of the translation system in the incorporation of ROS-damaged amino acids into proteins has been hypothesized, the specific mechanism and the role of aaRSs in this process remain unclear (7, 8) .
Phylogenetic and structural analyses revealed 3 major forms of phenylalanyl-tRNA synthetase (PheRS): the bacterial (␣␤) 2 heterodimer, the archaeal/eukaryotic-cytosolic (␣␤) 2 heterodimer, and the mitochondrial monomer (9, 10). Recently, it was shown that cytoplasmic eukaryotic and prokaryotic PheRSs are able to misactivate tyrosine and hydrolyze the misacylated Tyr-tRNA Phe (11, 12) . The monomeric mitochondrial PheRS also misactivates tyrosine, although its selectivity is 1 order of magnitude higher than that of the cytosolic PheRS (13) . However, the mitochondrial PheRSs are unable to deacylate Tyr-tRNA Phe because of the absence of the structural module associated with editing activity (14) . We show here that ROS-damaged phenylalanine (m-Tyr) may be incorporated into eukaryotic proteins via a specific tRNA-dependent pathway, using mitochondrial and possibly cytosolic PheRSs. For the lack of an editing domain from human mitochondrial (Hsmt)PheRS and enhanced selectivity of the synthetic active site of human cytosolic (Hsct)PheRS toward m-Tyr, we hypothesize the prevailing role of mitochondrial enzyme in this process. (Fig. 1A and Fig. S1 ). On the contrary, no mischarging of tRNA Phe with m-Tyr by the bacterial PheRS was detected. Analysis of kinetic parameters of the aminoacylation of tRNA Phe shows that the catalytic efficiency (k cat /K m ) of the m-Tyr attachment by HsmtPheRS is only 5-fold lower than that of the correct amino acid, primarily because of a higher K m value (Table S1 ). At the same time, the aminoacylation of tRNA Phe with Tyr by this enzyme is 1,000-fold less efficient than the phenylalanyla- 
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tion. Mischarging of tRNA
Phe with m-Tyr by HsctPheRS was detected by using yeast tRNA Phe transcript as an active substrate; a minor shift of the aminoacylated tRNA made it difficult to quantify the extent of charging. However, it was clear that m- Tyr-tRNA Phe is synthesized by the 2 eukaryotic enzymes (HsmtPheRS and HsctPheRS). To further compare the effectiveness of discrimination between the cognate and noncognate substrates by 3 PheRSs, we determined the apparent inhibition constants (K i app ) for m-Tyr and Tyr in the aminoacylation reaction (Table S1 ). These data show that the bacterial and mitochondrial PheRSs bind m-Tyr in the aminoacylation site with almost the same affinity (13 and 13.6 M, respectively), which is 1 order of magnitude higher than the affinity of human cytoplasmic PheRS (150 M).
Editing Activity of the Heterotetrameric PheRSs. To test the ability of the heterotetrameric PheRSs to edit m-Tyr-tRNA Phe , the misaminoacylated product of the E. coli tRNA Phe was incubated with TtPheRS, EcPheRS, and HsctPheRS. Adding the bacterial enzymes TtPheRS and EcPheRS directly to the aminoacylation reaction mixture preincubated with HsmtPheRS resulted in the significant hydrolysis of m-Tyr-tRNA Phe (Fig. 1B) . Under such conditions, Phe-tRNA Phe remains remarkably stable. These data indicate that both TtPheRS and EcPheRS are active in the transediting of the exogenous m-Tyr-tRNA Phe . However, HsctPheRS was unable to hydrolyze m-Tyr-tRNA Phe (Fig. 1B ). To investigate whether this inability was caused by the lower selectivity of editing site, similar experiments were performed with Tyr-tRNA Phe , which showed that Tyr-tRNA Phe was efficiently deacylated (Fig. 1B) , even though the E. coli tRNA Phe transcript is a worse substrate for HsctPheRS [owing to change of the recognition nucleotide at position 20 (9, 15) ]. Taken together, these data demonstrate that the inability of bacterial PheRS to stably synthesize m-Tyr-tRNA Phe (which cannot be detected by steady-state kinetics) is caused by the editing of the mischarged product. In contrast, low, if any, deacylation of m-Tyr-tRNA Phe by HsctPheRS suggests that the more efficient discrimination of the synthetic site against m-Tyr contributes to the aminoacylation accuracy. (Fig. 2 A) (11) . A distinctive topological feature of the PheRS active site is shown in the presence of a deep, phenylalanine-binding pocket. Specific recognition of m-Tyr in both enzymes is achieved through the interaction of the phenyl ring of the substrate with the phenyl rings of 2 phenylalanines located in the so-called ''FPF loop'' (Phe-232 and Phe-234 in HsmtPheRS; Phe␣258 and Phe␣260 in TtPheRS) (16) . Three phenyl moieties thereby form a ''network'' of interactions, such that each aromatic pair makes an ''edge-to-face'' contact (see Fig. S3 ). The ␣-NH 3 ϩ group of m-Tyr is involved in hydrogen bonding with Ser-121 and His-119 of the mitochondrial enzyme (Ser␣180, His␣178 in TtPheRS). The ␣-carboxylate of the ligand forms H bonds with the side chains of Gln-157 and with the class II invariant Arg-143 (Gln␣218 and Arg␣204 in TtPheRS). Compared with the native phenylalanine substrate, m-Tyr is additionally stabilized by the hydrogen bonding of its OH group in metaposition with the N2 atom of Gln-124 (2.7 Å) and the O2 atom of Glu-159 (2.6 Å) (Gln␣183 and Glu␣220 in the bacterial enzyme). Thus, for both PheRSs containing identical sets of amino acids participating in the substrate binding (Fig. S2b) , one would expect similar values for the m-Tyr affinities. As to the human cytoplasmic PheRS, comparative modeling studies indicate that amino acid residues involved in both phenylalanine and m-Tyr binding and recog- nition form a local environment that differs from those of HsmtPheRS and TtPheRS. These differences may lead to changes in the m-Tyr affinity observed in the kinetic experiments (see above). In the bacterial system, a second m-Tyr was identified at the editing module of PheRS (Fig. 3) . The ability of TtPheRS to anchor the OH group of m-Tyr is achieved through its interactions with O 1 of Glu␤334 and the main-chain amide of Gly␤315 (Fig. 3) . A remarkable structural peculiarity of the editing site is revealed in the appearance of the invariant hydrophilic residue Glu␤334 in a fully hydrophobic environment formed by Phe␤213, Leu␤215, Phe␤263, Ile␤300, Ala␤314, Gly␤315, Ala␤336, and Phe␤338 (11) . Consequently, the aromatic ring of m-Tyr is placed into the hydrophobic environment. Thus, Glu␤334 plays a critical role in the specific recognition of the m-Tyr moiety. As proposed in biochemical and structural studies of E. coli and T. thermophilus PheRSs the editing activity is directed against tyrosine only (11) . However, our observation of the m-Tyr presence in the editing site demonstrates that plasticity is attributed not only to the synthetic active site, but also to the editing site, which is capable of binding ligands other than tyrosine.
Discussion
More is now known about the generation and the effects of ROS on biological systems. However, the pathways of ROS-damaged amino acids translation into cellular mechanisms are often unclear. We herein demonstrate that m-Tyr, a ROS-damaged amino acid, can be incorporated into proteins by using aaRSs and a tRNA-dependent pathway. The aaRSs show a remarkable specificity to their cognate amino acid substrates. As a result, the incorporation of non-natural amino acids often necessitates site-directed mutagenesis of the several residues within the active site area (17) . However, despite the high level of the substrate stereo-specificity in the Phe system, structures of bacterial and mitochondrial PheRSs demonstrate a natural plasticity at the active site, thus enabling binding and specific aminoacylation of surrogates. It is commonly believed that there are no barriers for infiltration of surrogate amino acids into a growing polypeptide chain, when the aaRSs specificity is bypassed. However, in some studies it was hypothesized that the quality control provided by the editing activity of aaRSs may be supplemented by the discrimination of misaminoacylated tRNAs when they interact with the EF-Tu factor. In relation to PheRS, Ling et al. (18) showed that EF-Tu efficiently recognizes misaminoacylated tRNA Phe and that the ribosome does not discriminate between the cognate Phe-tRNA Phe and the noncognate Tyr-tRNA Phe . Thus, at least for the phenylalanine system, editing is the only barrier that blocks the penetration of ROSdamaged amino acids into the polypeptide chain. The editing activity of bacterial enzymes and the selectivity at the active site of the eukaryotic cytoplasmic enzyme with relation to m-Tyr suggest that incorporation of m-Tyr into the polypeptide chain is most likely associated with mitochondrial PheRS.
It is of interest that plants are uniquely sensitive to the m-Tyr incorporation. For a significant inhibition of the growth of plant cells, a 100-fold lower concentration of m-Tyr is needed when compared with mammals. This phenomenon could be explained by the protein synthesis activity in plants organelles, which is much higher than in mammals. Indeed, the mammal mitochondrion encodes only 13 proteins, whereas most plants encode Ͼ150 proteins in their organelles. Interestingly, the monomeric PheRS in plants, which is highly similar to HsmtPheRS, is dually targeted, i.e., occurring in both mitochondria and chloroplasts (19) . These facts support the idea that organellar monomeric PheRS activity is highly required for plants.
It has been suggested that mitochondrial respiration is a major source of ROS and oxidized amino acids (20, 21) . Under normal circumstances, the oxidized variant of phenylalanine seems to be produced at a rather low level. However, the identification of pathologies (including age-related) in which reactive species are generated by inflammatory processes indicate the possibility of a drastic accumulation of oxidized proteins (4). Indeed, accumulation of m-Tyr in rat mitochondrial proteins intensified aging (20) . Although the molecular nature of most mitochondrial diseases is far from being completely understood, it is evident that some pathologies are related to the presence of free radicals (20) . Patients with severe ailments, such as Leigh disease, cardiomyopathy with cataracts, and fatal infantile lactic acidosis showed a deficiency of complex I (NADH quinone oxidoreductase) and an elevated production of oxygen free radicals (22) . Clearly, the activation of m-Tyr by PheRSs provides a link between tRNA and the ROS metabolism. Protection against mis-incorporation of oxidative-damaged amino acids could constitute a promising approach to the treatment of ROS-dependent pathologies.
Materials and Methods
Chemicals, Proteins, and tRNAs. DL-m-Tyr, L-p-tyrosine, and L-phenylalanine were purchased from Sigma-Aldrich. PheRSs from natural or overexpressed sources were purified as described (23) (24) (25) . The tRNA Phe s were synthesized by using runoff transcription of synthetic genes with T7 RNA polymerase followed by electrophoretic isolation of the correct-length transcripts as described (26) . To prepare labeled tRNAs, transcriptions were run in the presence of ␣-[ 32 P]ATP (Amersham Biosciences). Yeast tRNA Phe was purchased from Roche Molecular Biochemicals.
tRNA Aminoacylation. Aminoacylation reaction was performed in optimal conditions described for different PheRSs (24 -26) . In experiments with T. thermophilus and human mitochondrial enzymes performed at 37°C the reaction mixtures contained 50 mM Tris⅐HCl (pH 8. Attachment of 14 C/ 3 H-labeled Phe to tRNA Phe was measured by trichloroacetic acid precipitation. Aminoacylation of 32 P-labeled tRNA Phe with m-Tyr or other unlabeled amino acids was tested by an acidic gel electrophoretic method (27) . Gels were run at 4°C for 12 h at 6 V/cm (18) Crystallization and Structure Determination. Crystallization of TtPheRS and HsmtPheRS with various ligands has been described in detail (11, 25) . Crystal soaking with m-Tyr for TtPheRS and HsmtPheRS was carried out under conditions similar to those described. Complete X-ray datasets were collected from single crystals on an European Synchrotron Radiation Facility BM-14 station. The structures of TtPheRS and HsmtPheRS complexed with m-Tyr were isomorphous to the native ones. After rigid-body refinement (REFMAC5) and cycles of simulated annealing and conjugate gradient minimization (CNS), an unbiased difference Fourier map with coefficients (F obs Ϫ Fcalc) was calculated (28, 29) . Water molecules were added by using Arp/Warp (30) . The manual refinement of the model building was done with O and Coot (31, 32) . The models were refined to R work/Rfree of 19.4%/23.9% and 24.2%/27.3% for HsmtPheRS and TtPheRS, respectively.
